The effects of composition, structure design, and coating thickness of thermal barrier coating (TBC) on thermal barrier performance were investigated by measuring the temperature differences of TBC samples. TBCs with the thin and thick top coats were used for these studies, including TBCs with rare-earth (Gd, Yb, and La) compositions. The thermal barrier performance was enhanced with increasing the thickness of top coat even for thin TBCs, indicating that the thermal barrier performance was commensurate to the thickness of top coat. On the other hand, the bi-layered TBC, which was prepared with Yb-Gd-YSZ feedstock powder, with the buffer layer of high purity 8YSZ showed a better thermal barrier performance than that of regular purity 8YSZ. The interfaces in the bi-layered TBCs had a decisive effect on the thermal barrier performance, showing the performance enhanced with increasing numbers of interfaces. However, a new structural design and an additional process should be considered to reduce stress concentrations and to ensure interface stability, respectively, for improving thermal durability in the multilayered TBCs.
Introduction
igh-temperature components in gas turbines for aviation and power generation are exposed to high-temperature flames, where Thermal Barrier Coatings (TBCs) are applied to prevent deterioration of parent metal due to thermal and mechanical stresses experienced by the high-temperature components. 1, 2) In general, the TBC system consists of MCrAlY (M = Ni, Ni-Co and Co-Ni)-based bond coat to confer oxidation-resistant and corrosion-resistant functions to the parent metal in high-temperature components, and extra adhesion of ceramic top coat to the parent metal, and of the top coat to confer thermal barrier performance.
3) The bond coat is formed by using Air Plasma Spray (APS), High Velocity Oxy-Fuel (HVOF), Vacuum Plasma Spray, etc. while the top coat is formed by APS method or Electron Beam Physical Vapor Deposition (EB-PVD) method. [4] [5] [6] [7] The APS method used for the top coat is being mainly employed for high-temperature components of gas turbines for power generation due to economy and advantages for scale-up. While TBCs by EB-PVD method shows excellent thermal durability as compared with those by APS, it is mainly employed for high-temperature components in gas turbines for aviation due to limitations in equipment applicability for scale-up, high manufacturing costs, relatively high thermal conductivity. 8) In general, it is reported that the temperature experienced by the substrate can be reduced to about 150 o C through incorporation of the TBC system. 9) Meanwhile, turbine inlet temperature is gradually being raised for the fuel efficiency and the output increase of gas turbines, and the stabilized zirconia doped with 7-8 wt% Y 2 O 3 (7-8YSZ) is exhibiting application limitations for high-temperature components in gas turbines with surface temperatures higher than 1200 o C due to phase transition and sinterability at elevated temperatures. 7, 10) Accordingly, studies on new materials for TBC are required which can overcome temperature accommodation limitations of superalloys used as a parent metal for high-temperature components through improvement of thermal barrier performance and which have phase stability as well as sintering resistance at high temperatures. [11] [12] [13] [14] Recently, to overcome application limitations of YSZ materials, cooling design changes for high-temperature components in gas turbines together with studies on ceramic coating (top coat) materials of low thermal conductivity with addition of rare earth elements, such as Lanthanum (La), Ytterbium (Yb), Gadolinium (Gd), etc., are being actively conducted. 7, 15) While thermal conductivity of the existing TBC material of 7-8YSZ is 2.1 W(m·K) −1 , it is reported to be 1.5 W(m·K) −1 in the case of La-containing material for coating such as La 2 Zr 2 O 7 , and 0.8~1.2 W(m·K)
H
Communication in the case of materials for coatings which contain multiple rare earth elements such as Yb-Gd-YSZ. Here, it is reported that the added rare earth elements act as impurities, and reduce thermal conductivity by increasing phonon scattering effects due to mass difference caused by substitution. 7, 16) Also, pyrocholore oxide materials with La, Gd, Yb, etc. have excellent thermal characteristics. While TBC materials with addition of rare earth elements are reported to show excellent phase stability and sintering resistance at high temperatures, 7, 17) they induce delamination of the top coat by forming high thermal and residual stresses at the interface due to the relatively low coefficient of thermal expansion, CTE, (Yb-Gd-YSZ: 9~10 × 10
, La 2 Zr 2 O 7 : 9.1~9.7 × 10
, and 8YSZ: 10.5~11.5 × 10
) compared with the 7-8YSZ giving rise to a difference in CTE from that of the bond coat (NiCrAlY bond coat: 15.0 × 10
17-19)
In addition to the thermal characteristics, the low thermal conductivity materials containing rare earth elements cause the results where thermal durability of TBCs is degraded due to low mechanical characteristics (Yb-Gd-YSZ fracture toughness: ~ 1. ). 17, 20) Also, in the case of coating layer with addition of Gd, failure of top coat occurs easily due to the characteristics difference from those of TGO layer during operation. 21) Thus, to secure applicability of the low thermal conductivity materials containing rare earth elements, i.e. to supplement disadvantages in thermal and mechanical characteristics, the studies on incorporation of buffer layer between the bond and top coats or application to starting powder of mixing with the 7-8YSZ are being continuously performed. 22, 23) Meanwhile, since composition, thickness, structure, etc. in TBC system have large effects on the thermal barrier performance, thermal barrier performance as a function of composition, thickness, structure, etc. in TBC system needs to be considered to secure applicability of the low thermal conductivity materials. However, while the applicability of the low thermal conductivity materials is currently being studied according to microstructure design related to the control of process variables, specific measures for consideration of thermal barrier performance have not been presented.
2)
Therefore, in the present study, temperatures of the top coat surface and of the bottom face of substrate were measured for the TBC systems prepared by varying composition of the starting material and thickness of the coating layer to comparatively evaluate their thermal barrier performance. Through this procedure, effectiveness of structures for application of the low thermal conductivity materials together with mechanism for manifestation of thermal barrier performance has been considered.
Experimental Procedure

Preparation of starting powders and specimens
Bond coats were formed by using commercial coating powder of AMDRY 9624 and AMDRY962 (Sulzer Metco Holding AG, average weight ratio composition: Ni-22Cr-10Al-1.0Y, average particle sizes: 45 ~ 74µm (AMDRY 9624) and 53 1 06µm (AMDRY 962)), AMDRY 9951 (Sulzer Metco Holding AG, average weight ratio composition: Co-32Ni-21Cr-8Al-0.5Y, average particle size: 5~37 µm), and AMDRY 997 (Sulzer Metco Holding AG, average weight ratio composition: Ni-23Co-21Cr-9Al-0.6Y,average particle size: 53 8 µm). In formation of the bond coat, AMDRY 9624 and AMDRY 997 were applied to HVOF (Diamond Jet-2600 DJM, Sulzer Metco Holding AG, Switzerland) method, while AMDRY 962 was applied to APS (9MB, Sulzer Metco Holding AG, Switzerland) method. Top coats were formed by using APS method for the commercial powder of METCO 204 C-NS of general purity, and METCO 204C-XCL of high purity (METCO 204 C-NS: 8. To evaluate the thermal barrier performance as a function of thickness, the total thicknesses of TBC systems were designed to be 250 and 1000 μm, and the thickness ratio between the top and bond coats was varied when the total thickness of TBC system was 250 μm. This was aimed at considering the effects of top coat thickness on thermal barrier performance for the same coating thickness and securing an optimum ratio in coating thickness. Accordingly, the thickness ratios between the top and bond coats for the structure were designed to be 150 : 100 and 200 : 50 for the thin TBC system, while the ratio was designed to be 850 : 150 for the thick TBC system. Detailed structural design is shown in Fig. 1 . Namely, in the thin TBC system, the bond coats had compositions varied and were formed by HVOF method to the thicknesses of 100 and 50 μm, respectively, while the top coats were formed on each bond coat using 8YSZ by APS method to the thicknesses of 150 and 200 μm, respectively. In the thick TBC system, Ni-based bond coat was formed by APS method to the thickness of 150 μm, while the top coat was formed using 8YSZ by APS method to the thickness of 850 μm. In addition, the top coat with a bi-layer structure was designed to evaluate thermal barrier performance as functions of composition of bond coat and purity of buffer layer, which is shown in Fig. 2 . In the bilayer structure, the buffer layer was formed using a general purity (METCO 204 C-NS) and a high purity (METCO 204 C-XCL) by APS method to the thickness around 60 μm, and the top coat was formed using a low thermal conductivity powder of Yb-Gd-YSZ by APS method to the thickness around 540 μm. The bond coats in TBC systems of the bilayer structure were formed using AMDRY 9951 and AMDRY 997, respectively, by HVOF to the thickness of 300 μm. Also, for evaluation of thermal barrier performance as functions of structure and composition in the top coat, the TBCs were designed as functions of the composition and number of the buffer layer as well as the composition and number of the top coat, which is shown in Fig. 3 . Here, the bond coat was formed using AMDRY 962 by APS method to the thickness of 150 μm, and 8YSZ alone or LZO and 8YSZ mixed in 25 : 75 vol% was applied to the buffer layer. Meanwhile, top coats in the multilayer structure were formed using LZO and 8YSZ mixed in 50:50 vol% and 25:75 vol% as well as 8YSZ alone. Total thickness of the top coat was varied as shown in Fig. 3 , and correlation between the thickness and number of coating layer was discussed.
Characteristics evaluation
To affirm the status of cracking inside coating layer, cracking and delamination at interfaces which can be included upon formation of TBC system, microstructure was observed as functions of thickness, composition, and incorporation status of the buffer layer. The specimens were mounted with a fluid epoxy resin, polished using silicon carbide paper, then final polishing using 3 μm and 1 μm diamond pastes. The cross-sectional microstructure of TBC specimens was observed using a scanning electron microscope (SEM, JEOL Model JSM-5610, Japan). Also, for differentiation of interfaces as resulting from incorporation of the buffer layer and conversion to multilayers, a composition analysis was conducted for each top coat by using an energy dispersive spectrometer (EDS, Oxford Instruments, Oxford, UK).
To evaluate thermal barrier performance as functions of thickness, composition, and incorporation status of the buffer layer in TBC system, Jet Engine Thermal Shock (JETS) test was employed, and the equipment used for evaluation of thermal barrier performance is shown in Fig. 4 . In JETS test, the surface of top coat was heated for 20 seconds using flame at 1400 o C with a mixture of LPG and oxygen, and then cooling for 20 seconds using nitrogen gas was conducted, which constituted one cycle, until 2000 cycles. JETS test is a universally applied method by OEM (Original Equipment Manufacturing) industry to evaluate thermal stability of TBCs, which can evaluate interface stability under drastic temperature changes. Also, in JETS test, the flame was prevented from being applied to other parts of the specimen except for the top coat surface by wrapping surroundings of the specimen with a ceramic holder. Pyrometer (Infrared thermometer, Wavelength : 3.9 μm, CTlaser MT, Optris, Germany) was installed on the surface of top coat and the back face of substrate, and temperatures were measured by using the pyrometer for 20 seconds during which the flame was applied, with calibration of the pyrometer being conducted by using a thermocouple whenever composition, thickness, and structure was changed. The surface temperature of TBC was increased to about 1000 o C by heating for 20 seconds, at which time the temperature on the back face of substrate reached a range of 560~610 o C. Meanwhile, the surface temperature of the top coat and the back face temperature of substrate cooled down to about 550 o C and about 350 o C, respedively, during cooling by nitrogen gas for 20 seconds. Thermal barrier performance of TBC was evaluated by measuring temperatures for the total of 4 sections after setting up according to the number of cycles (Section 1 : 0~50 cycles, Section 2 : 500~1000 cycles, Section 3 : 1000 ~ 1500 cycles, and Section 4: 1500 ~ 200 0cy-cles). To evaluate thermal barrier performance as a function of thickness, temperature difference between the surface of top coat and the back face of substrate was affirmed first for the 4 types of TBC systems having a thin thickness, and a comparison was made with the thick TBC system after selecting 1 type with the excellent thermal barrier performance. Thermal barrier performance was also compared and considered for composition, incorporation status of the buffer layer, and conversion to multilayers in TBC system by the same method of measuring temperatures of the surface of each top coat and the back face of substrate. , respectively, while those of the bond coat were formed to be 76 ~ 56 and 31 ~ 57 μm, respectively, with the thicknesses being formed to be somewhat thinner than the designed values. Meanwhile, in the thick TBC system of Fig. 5(e) , the thicknesses of the bond and top coats were formed to be about 131~145 and 820~878 μm, respectively. In TBC systems, no cracking and delamination at interfaces between coating layers were affirmed irrespective of the thickness ratio between coating layers (thickness ratio between the bond and top coats) and the thickness, with clear differences of thickness being affirmed in the microstructures. In the top coat, inherent defects such as pore, splat boundary, and unmelted particles, etc. appearing in the microstructures formed by APS method were observed, and relatively porous microstructures were observed in the top coat of all specimens.
Results and Discussion
Thermal barrier performance, i.e. for temperature difference, evaluated for the TBC systems having cross-sectional microstructure of Fig. 5 is shown in Table 1 and Figs. 6 and 7.
For both the thin and thick TBC systems, the temperature difference was measured in Section 3 (1000~1500 cycles), and the temperature differences as a function of thickness ratio between the bond and top coats were measured and shown in Fig. 6 for the relatively thin TBC systems. In the case of TBC systems where the bond and top coats were designed and formed to be 150 and 100 μm, respectively, the TBC system having Ni-Co-based bond coat showed a thermal barrier performance (temperature difference) of 110 1 32 Co-based bond coat showed a temperature difference of 132~179 o C, and the TBC system having Ni-based bond coat a temperature difference of 119 ~ 193 o C as shown in Figs. 6(c) and 6(d), respectively. Based on such results, thermal barrier performance could also be affirmed to be improved as the thickness of the top cost increases in relatively thin TBC system. Also, composition of the bond coat could be seen to have no effects on the temperature difference, i.e. thermal barrier performance. The results of comparative consideration for thermal barrier performance are shown in Fig. 7 as a function of the thickness of TBC system, and compared with the results of Fig. 6(c) as the case showing the largest temperature difference in Fig. 6 for understanding improvement in thermal barrier performance in the thick TBC system. Temperature differences in the thick TBC were 248 ~ 699 o C, showing excellent thermal barrier performance compared with the thin TBC system (Fig. 7(b) ). This is a result in agreement with the report that the temperatures experienced by high-temperature components for gas turbines were lowered by 4~9 o C whenever the coating thicknes was increased by 25 mm.
24)
In the present study, similar results were also observed in Section 1, Section 2, and Section 3 not shown here, and no delamination or fracture was observed in the specimens even after 2000 cycles.
3.2. Thermal barrier performance in application of low thermal conductivity material and incorporation of buffer layer The cross-sectional microstructures of TBC systems formed in accordance with Fig. 2 are shown in Fig. 8 , which was designed with incorporation of the 8YSZ material as the buffer layer to supplement the low CTE and the low mechanical properties of the low thermal conductivity mate- rials. The thickness of the top coat was formed to be 578 7 61 μm, and that of bond coat 185 ~ 318 μm, while the specimen c (Fig. 8(c) ) was formed to be relatively thick. The buffer layer was 67 ~ 119 μm thick and formed to be thicker than the designed thickness as a whole. Meanwhile, since the buffer layer thicknesses were designed and formed to allow improvement to be produced in the same range as fracture or delamination in TBC system generally occurred around 100 μm from the interface between the bond and top coats. 25, 26) As mentioned earlier, only inherent defects visible in the microstructures formed by APS method were observed in the top coat, and no cracking and delamination were observed at the interface in the bond and top coats, and between the buffer layers.
The results of temperature differences at Section 1 (0 5 00 cycles) for all 4 types of specimens for the TBC systems prepared by application of Yb-Gd-YSZ starting powder and incorporation of 8YSZ buffer layer, which were designed to secure thermal durability, are shown in Table 2 and Fig. 9 . First, when the buffer layer was incorporated, the larger temperature difference, i.e. the more excellent thermal barrier performance was manifested, the higher the purity of buffer layer (purity of starting powder). When the starting powders of general purity were used, the TBC systems with the Ni-Co-based and Ni-based bond coat compositions showed temperature differences of 284~369 o C ( Fig. 9(a) ) and 380 ~ 435 o C (Fig, 9(b) ), respectively. When the buffer layer was formed using a starting powder of high purity, the TBC systems with the Ni-Co-based and Ni-based bond coat compositions showed temperature differences of 193~504 o C (Fig. 9(c) ) and 276 ~ 632 o C (Fig. 9(d) ), respectively. Also, temperature differences were measured with composition of the bond coat, and excellent thermal barrier performance was manifested in the TBC system with application of Ni-based bond coat (Figs. 9(b) and 9(d) ), unlike Fig. 6 for the thin TBC system. Such large temperature differences are considered attributable to the improvement in thermal barrier performance due to Yb-Gd-YSZ coating layer of low thermal conductivity and the effect of thermal dispersion at interfaces due to formation of additional interfaces through incorporation of the buffer layer. Consequently, manifestation of thermal barrier performance can be affirmed through application of low thermal conductivity materials and incorporation of the buffer layer which was similar to the case where the thickness of coating layer was increased to 850 μm. Also, the improvement in thermal barrier performance as a result of applying high-purity starting powder in the buffer layer may be considered to be a result of delaying extinction of pores with excellent sintering resistance under high-temperature environments. For the TBC system with the Co-Ni-based bond coat, delamination occurred at 720 cycles in the case where the buffer layer of general purity was incorporated, and at 218 cycles in the case where the buffer layer of high purity was incorporated. Meanwhile, for the TBC system with the Ni-based bond coat, delamination occurred at 1127 cycles in the case where the buffer layer of general purity was incorporated, whereas no delamination or fracture was observed up to 2000 cycles when the buffer layer of high purity was incorporated. Consequently, the improved thermal barrier performance and thermal durability could be secured together upon application of the Ni-based bond coat as well as incorporation of the high-purity buffer layer in design and formation of TBC system.
3.3. Thermal barrier performance in composition control for low thermal conductivity material and conversion to multilayer The cross-sectional microstructures of TBC systems formed in accordance with Fig. 3 are shown in Fig. 10 , which was designed with variation in the composition and number of the buffer layer and in the composition and number of the top coat. The thicknesses of top coat, buffer layer, and bond coat were formed in accordance with the design concept. In the case of Fig. 10(a) , the thicknesses of top coat, buffer layer, and bond coat were formed to be 244 ~ 294, 28 ~ 70, and 115 ~ 159 μm, respectively, while the thicknesses of top coat, buffer layer, and bond coat in Fig. 10 (b) were formed to be 306 ~ 328, 54 ~ 92, and 135 ~ 173 μm, respectively. Meanwhile, the thickness of the buffer layer with mixed composition in Fig. 10(b) was calculated as a top coat layer. The thicknesses of the top coats in Figs. 10(c) and (d) were formed to be 437 ~ 517 and 495 ~ 555 μm, the buffer layer 37 ~ 87 and 38 ~ 64 μm, and the bond coat 161 ~ 175 and 145 ~ 163 μm, respectively. Also, the thickness of the buffer layer with mixed composition in Fig. 10(d) was calculated as a top coat layer. In the surfaces of top coat, the microstructure of mixed composition of LZO and YSZ (Figs. 10(a) and 10(b) ) and the microstructure of YSZ alone (Figs. 10(c) and 10(d) ) can be detected, respectively. The interfaces of the first buffer layer (porous 8YSZ layer) and the second layer (top coat layer or the second buffer layer) are shown by dotted lines. Continuous microstructures were observed without differentiation of interfaces within the buffer layer and the top coat showing gradient composition. Meanwhile, incorporation of the YSZ buffer layer and the mixed layer (mixed layer of YSZ and LZO) was aimed at relaxation of a difference CTE from that of the bond coat which could occur when the low thermal conductivity material, LZO, was applied along with supplementation of low mechanical characteristics. Since the brighter colors could be observed to be displayed in the microstructures of the top coat and buffer layer as the added amount of the LZO was increased, proper formation of microstructures according to the design concept could be verified. Temperature differences were measured for the case with incorporation of compositional continuity to control the thermal and residual stresses generated at the interfaces due to low CTE of low thermal conductivity materials, and for the multilayer structure aimed at performance improvement of surfaces, with the results shown in Table 3 When the specimens in Fig. 11 had 2 layers (Fig. 11(a) ), 3 layers (Fig. 11(b) ), and 4 layers (Fig. 11(c) ) as the top coat layers, a sound state was maintained up to 2000 cycles, while delamination occurred at 102 cycles in the case of 5 layers (Fig. 11(d) ). First, when only the buffer layer of 8YSZ was incorporated (Figs. 11(a) and 11(c) ), temperature differences were measured to be 325 ~ 391 o C for the top coat (2 Table 3 layers, Fig. 11(a) ) with LZO and YSZ being mixed in 50 : 50 vol%, and 501 ~ 539 o C for the multilayer top coat (4 layers, Fig. 11(c) ). Consequently, improvement of thermal barrier performance could be affirmed when the number of interfaces between coating layers (number of layers) was increased in the multilayered structure. Namely, it is considered to be the scattering effect upon thermal diffusion at interfaces resulting from an increase in the number of interfaces and the result caused by a relatively thick coating thickness. Meanwhile, in the case of TBC system with the multilayered buffer layers (Figs. 11(b) and 11(d) ), the temperature differences were shown to be 427 ~ 447 o C for the top coat (3 layers, Fig. 11(b) ) with LZO and YSZ being mixed in 50 : 50 vol%, and 572 ~ 631 o C for the multilayer top coat (5 layers, Fig. 11(d) ).
Although the low thermal conductivities of top coat and the thermal barrier performance at the multilayered structure were to be comparatively considered by making the thicknesses of Figs. 3(a) and 3(b) to be the same, and the thicknesses of Figs. 3(c) and 3(d) similar in the design concept for TBC systems, the specimen b ( Fig. 10(b) ) was formed to be thicker than the specimen a ( Fig. 10(a) ) in the actually formed TBCs. Therefore, the thickness of coating layer together with the previously mentioned scattering effect at interfaces is considered to have effects as the factors determining thermal barrier performance. Meanwhile, when a thickness similar to that of design concept was formed, a larger temperature difference was measured for the specimen d (Fig. 10(d) ) than the specimen c ( Fig. 10(c) ) of TBC systems having the multilayered structure at the interface. Based on this observation, an increase in the number of interfaces, i.e. the scattering effect at interfaces could be more efficient in improving thermal barrier performance. However, although an increase in the number of top coat layer, i.e. the number of interfaces in TBC system can produce improvement of thermal barrier performance, it is not considered to be desirable from the aspect of thermal durability, in view of the artificial defects which can be included in the forming process, resulting in the requirement for additional process control to secure interface stability.
27) Meanwhile, the thermal barrier performance evaluated in the present study showed larger temperature differences than the existing report where the TBCs with a thickness of about 100~500 µm generally exhibited the thermal barrier performance of about 100~300 o C, 9) because the metal substrate was cooled by the air at 400~600 o C through cooling flow path under the environments where actual high-temperature components were applied. Consequently, although temperature difference in the present study may not be considered as the absolute thermal barrier performance for TBC systems, it could be utilized as a useful method for comparison of relative thermal barrier performance in developing and applying new materials, including structures.
TBCs with the single-layer buffer layer ( Fig. 10(a) ) and the bi-layer buffer layer (Fig. 10(b) ) were completed up to 2000 cycles. While tests were conducted through 2000 cycles in Fig. 10 (c) designed as a multilayered structure, delamination occurred at 102 cycles in Fig. 10(d) . Consequently, quick delamination could be affirmed to occur upon incorporation of a large number of buffer layers in design and formation of TBC systems due to the defects between interfaces.
Conclusions
In the present study, surface temperatures of ceramic top coat and back face temperatures of substrate were measured during JETS tests as functions of thickness, composition, structure, and conversion to multilayer in TBC system to evaluate thermal barrier performance, and the following conclusions have been obtained. 1) As the thickness of TBC was increased, thermal barrier performance was improved, which was also affirmed in the relatively thin TBCs. As the thermal barrier performance was also improved by the same ratio when the thickness of TBC was increased by about 4 times (850 mm), the thermal barrier performance could be seen to have a proportional correlation up to a given thickness.
2) As a result of simultaneous application of the low thermal conductivity material of Yb-Gd-YSZ and the buffer layer in the TBC system, thermal barrier performance manifested upon an increase in the thickness of top coat in TBC systems could be secured, which is considered to be a result originating from the low thermal conductivity of top coat material and the scattering effect at the interfaces. Also, since the purity of starting material forming the buffer layer could provide sintering resistance under the repeated thermal shock environment, relatively excellent thermal barrier performance could be manifested.
3) In the TBCs with simultaneous application of the coating layer mixed with La 2 Zr 2 O 7 and YSZ along and the buffer layer, thermal barrier performance was improved as a result of an increase in the number of buffer layers, which is considered to be a result originating from thermal scattering caused by an increased number of interfaces. In a comparison for the effects of application of the low thermal conductivity materials, an increase in thickness, and an increase in the number of interfaces which affect thermal barrier performance, the thermal barrier efficiency could be seen to be improved in the order of an increase in the number of interfaces, an increase in thickness, and application of the low thermal conductivity materials.
4) Whereas incorporation of the buffer layers for application of the low thermal conductivity materials is efficient for manifestation of thermal barrier performance on the basis of an increase in the number of interfaces and material characteristics, the increase in the number of interfaces also brings about an increase in artificial defects which can be included in the manufacturing process of TBC systems along with discontinuity at interfaces, etc. so as to reduce thermal durability. Consequently, additional process con-trol to secure interface stability and structural design considering thermal durability together will be required for application of the multilayered TBC system with a low thermal conductivity material.
